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Abstract

We have concluded experimrmte demonstrating energy
recovery in conjunction with the Los Alamos free-electron
laser. In this paper, we discuss measurement of electron-
beam U’ansport during decelerations greabw than 70%
fmm 21 MeV down to 5 MeV, Power-flow measurement
demonstrate the efficient conversion of beam power back
into rf power and its reuse in the accelerate, We alao
describe instabilities of the system and compare them with
simulations.
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Fig. 1. Energy-recovery beamline arrangement.
Introduction

In the present phase of the free-electron laser (FEL)
experiment at Los Alamos, we have examined the
recovery of power from the electron beam after it has
passed through the wiggler and generated light. The
electrons will have more than 95% of their original energy
left and an energy spread of approximately 8 ta 10%
introduced by the lasing action, The overall efficiency of
the system could be enhanced if most of the residual power
in the electron beam could be recovered.

Energy recovery has been demonstrated in several
rf linacs’ O’and in an electrostatic accelerator used in
the Sante Barbara FEL.~ Recove~ h. accomplished in an
rf ~yetem through deceleration in rf-excited linear accel-
erator strvcturm; the kinetic energy of the beam is
converted with high efllciency directly back into rf power.
The net improvemmt in system efllciency depends on the
recovered beam power relative b the rf power dissipamd
in the decelerating structures end, thus, improves with
average current, The present e~perimenta are intended to
be proof of principle and do not, with the bun current
now available, produce n net increase in system efficiency.
In this paper, we will describe the pmesnt configuration of
the apparatus, th rssulte that we have obtained,
simulations, and our conclusions.

Apparatus

Accelerator

The configuration of the beemline for the energy
recovery experiments ie shown in Fig, 1. The rf
●ccelerator consists of an injector, subhanrmnic buncher,
fundamental buncher, and two 10.MeV accelerator
sections operating st 1300 MHz,4 The wiggler used in this
experiment is 1 m in length and uses permanant magnets
in ● Halbach arrangement,e

Beamllne

After passing through the wiggler (W), the beam is
transported around the 180° bend (R) ml through the
decelerators (C and D) to an electron spectrometer, The
deceleraUma are roupled to the accelerators (A and B) and
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to the klystrons through the resonant bridge couplers
(BC). The electrons are brought inta the decelerators with
a phase that causes them ta lose energy and generate rf
fields, The rf power generated is shared with the
accelerators through the resonant bridg? couplers.

The phase of the electrons entaing the decelerators is
controlled by translating the 180° bend in a “trombone”
fashion that changes the length of the beamline. The bend
can be trmslated ● distance of 19 cm, corresponding to a
phase change of mom than 980° ●t 1300MHz.

Decelerators

Each decelerator section is electrically the mirror
image of iti corresponding ●ccelertkor ●nd is capable, for
this murnant bridge-coupler design, of decelerating the
electrons from their init.fal energy to approximately zero
energy; with the electrons phased for acceleration in the
decelerating structures, the electron energy can be
doubled,

Resonant Bridge Couplers

The resonant bridge couplers have been described
beforee and will be discuused here briefly, Each coupler
consists of three tuned cavities and has three ports as
shown in Fig, 2, The center cell ~ouplea from the
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Fig, 2. Resonant bridge-coupler cros~ section.



waveguide b two aide cell% one aide cell couples to an
●ccelerator tank end the other to a decelerator tank. The
system operates !n the n/2 mode, with 180° phase
difference between the center cell and an accelerator (or
dacaleretor), Each tide cell is tine tuned by a single
movable post. The center cell has two movable posts,
These allow the simultaneous tuning of the cell and
adjustment of the relative coupling to either side,

Results

Deceleration

The resonant bridge couplers are easily tuned and can
be adjusted to provide deceleration from 15 to 100% in
reasonable agreement with tests on preliminary models.
The energy of the decelerated electrons should depend on
the position of the 180° bend in a sinusoidal fauhion. We
found this to be the case.

We obeerved a maximum deceleration of -75% when
the voltage gradients in each decelerator were approx-
imately equal to those in the corresponding ●ccelerator,
As the phw of the electroaa entering the decelerator waa
varied by moving the 180” bend, the final energy was
changed from a maximum of 28 MeV (twice the 14-MeV
accelerator voltage) to a value of 9,5 MeV, Larger
decelerations were not observed because of our inability to
transpxt lower energy beam, below -9,5 MeV, into a
spectrometer, This precluded meaauring energy RS a
function of the bend position to the Ioweat energy, The
cume, however, did extrapolate to zeroenergy,

Beam Tranaport

We have transported - 100% of the charge in a beam of
4% energy spread from the end of the wiggler through the
decelerator, The maximum charge that we have
transported is 4,6 nC/micropulee (0,1-A average current).
The lowest energy beam efficiently transported haa been
-9,5 MeV, At large decelerations, we were forcad h ●dd
trim coils ●long tho decelerator to compensa~ for the
fkinge fields from the eolanoide around theacceleretor,

We were able to transport the full charge fkom the

scraper in the 60’ bend through the deceleretora down to
an mergy of-5 MoV. Between 5 and 3.6 MeV, we were
●ble to keep the beam focused through tho decelerator,
but atiering became progressively more difllcult becauae
of fHnge fields,

Power-Flow Moaauremonte

Measurements of net power flow b the ●cceleratare
wwe made under conditions of 16.MeV ●cceleration, 50%
deceleration, ●nd 0,065.A average beam cument through
the decelerator (1-MW beam power), The meamwed
difference {n power delivered to the ●ccelerator fkom the
klystrons with and without energy recovery wae 0,7 MW;
tho difference calculated from th~ current and
deceleration waa 0,52 MW. The two numbers ●grae within
the ●ccuracy of our measuramont, ●nd the powem
m~aaured were consistent with dmates of copper hues
in the structures and beam loading,

In addition ta power-flow meawementa, we examined
the ikeauancv rnnactrum of the fleids in the decelerators ta

look for evidence of high-frequency dipole beam-breakup
modes and aymmetnc nonaccelerating modes, Estimat,es~
have indicated that the latter would cause the loaa of < 1%
of the electron energy. Over the frequency range of 1.1 to

2.8 GHz, no modes with en intmasity within -40 dB of the
accelerating mode wera observed.

Instabilities

The beamline shown in Fig. 1 should develop insta-
bilities at sufficiently high currents. These instabilities
follow from the fact that in any beam-transport system
containing bends, charge will be scraped (Ioat to th walls)
if the beam energy varies enough. Any fluctuation of the
energy of the electrons leaving the accelerator will cause a
change in the fraction scraped and in the charge reaching
the decelerators. The result will be a change in the
amount of power recovered. Depending on where the
beam is being scraped and the details of the beamline and
the feedback systam in use, the phase of the change in
:nergy recovery maybe such as @lead to an instability,

Several possible instabilities have been modeled and
are deecribed in two papers in these proceedings,e,g A
computer aimulatione has been carried out in terms of five
tuned circuits representing ●n accelerator, ● decelerator,
and the three. celled bridge coupler, with the recovered
beam providing the positive feedback xnechnnisrn, A
second eimnlatione is ●n analytical etability calculation
using eaeentially *he zame model, Beveral simplifying
weaumptionsam made in both ●nalyeea, includingtreating
ench ●ccelerator and decelerator ●s ● single tuned circuit
and neglecting the rf ~eedbac~ syatam. Two examplea of
camputer reaulta are shown in ?Ig. 9. The window ahown
is the energy band.paas of our system. Electrons with
higher or lower energy ecrape the walls and are lost.
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Fig, 3, [notabilities caueed by ecraping the
beam within the energy-recovery loop on the (a)
iow.enerav side and(b) on the hiuh.enertrvside-.



Figure 9a shows the calculated resulb when the low-
energy edge of the beam is being scraped. Aa the energy
decreases, leas beam cument reaches the decelerators;
thus, leu energy is recovered and the voltage gradient in
the accelerators falls further, This sequence eventually
causes all the baarn to be scraped, and the energy to be
clamped outeide the acceptance window of the transport
system. Figure 3b illustrates another calculated insta-
bility in which the energy rises, current is scraped at the
high-energy aide of the energy window, and a steady-state
oscillation of the current and energy results. This
oscillation occurs at a higher frequency and involvea a
180’ phase shifi across the bridge coupler. These calcula-
tions were done for an average current of -0,08 A,
approximately our normal operating point,

We have observed both types of instabilities and
confirmed qualitative agreement with the models by
deliberately scraping a sufficiently large fraction of the
charge on either the low- or high-energy side by ac@sting
the magnetic fields in the 60° bend. With su~ciently high
currents, the present beamline arrangement would be
uncontrollably unstable, but a different design could avoid
this problem by, for instance, removing all deliberate
scraping from inside the energy-recovery loop.

Lasing with Energy Recovery

The energy-recovery system has been operated while
lasing at 0.7% extraction efficiency, O.1-A average
current, and 68% deceleration. The lasing did not dzgrade
the performance or sta$ility of the system and energy
recovery had no effect on the lasing. High. efllciency
wiggiere would generate a larger energy spread and pose
more of a desiwi probiem for the beamline; these problems
are now being addressed.

Conclusions

The components of the energy-recovery system are
functioning properly, The decelerator gradients are
adjustable over ● range consistent with the nominai
design of the resonant bridge couplers, ●nd large
deceleratiori of the beam can be produced. Trausport of the
beam in the beamline is ●pproximately 100% efficient
undm nominai conditions, and transport of the beam
through the decelerators is reasonably efficient above
3,6 M*V, The results of powerdlow measurements
conilrm that the power extracted from the electron beam LS
recovered ●s rf power with high ef!lciency. The system is
stablo against oscillation under normal operating
conditions, but tha predicted instabilities can be induced
●rid will have the ezpectad characteristics, Laming at
●bout 1% extraction efficiency does not degrade the
performance of the system, but high extraction. efficiency

wigglem may impact system design. On the baais of our
measurements, we conclude that energy recovery could be
successfully applied to large FEL sy~tema.
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